Transient processes of semiconductor laser were simulated. These processes are best described by the variations of injected electron density and emitted photon density. Rate equations were chosen to describe the transient processes. Using the described model of transient processes, the unknown parameters of DFB (distributed feedback) semiconductor laser were defined from the experimental characteristics: the coefficient of optical amplification α, the factor of spontaneous emission β, the electron and photon lifetime, and the form of injection current pulse. The parameter estimation technique, which allows to define laser parameter values simply, quickly, and fairly precisely, was suggested.
Introduction
DFB semiconductor lasers are typical devices for information transmission in optical communication systems using direct modulation. These DFB lasers have stable frequency output, up to Gb/s modulation rate, and uninterrupted operation time up to 10 8 hours. Very strong attention to the design of these lasers and development of the production technologies is given. However, the communication system with the high-speed direct modulation is limited by transient processes due to interplay between the optical field and the carrier density. Thus, simulation of transient processes in DFB semiconductor lasers plays very important role. Transient processes usually are described by equations of electron and photon density changes (by rate equations) [1, 2] .
Photon and electron density distributions were simulated using results of experiment and rate equations by changing values of laser parameters, such as lifetime of photons, coefficient of optical amplification, nonlinear amplification factor, spontaneous radiation and optical restriction factor, etc. The results of simulation were compared with experimental ones and the matching accuracy was calculated.
Theoretical models
In this work four physical models were used. At first, a simplified physical model based on rate equations for carrier and photon densities was used for computer simulation [1] . However, though some of physical factors were not included in this model, the accuracy of modelling results for some DFB lasers was sufficiently good. In the later models, the rate equations were supplemented with additional physical parameters.
For the second physical model the nonlinear amplification factor ε was included in the rate equations. Optical amplification coefficient α [cm 3 /s] was assumed to be equal to the product of the optical differential amplification g [cm 2 ] and the group velocity v g (α = v g g) in the earlier model of simplified rate equations [1] . Also, the optical amplification depends on photon density: where N is the density of electrons, P is the density of photons, N 0 is the density of electrons needed for reaching Fermi quasi level, and ε is the nonlinear amplification factor. Then the term of number of photons generated by spontaneous emission in the rate equations was supplemented with factor (1 − εP ).
In the third model, the term N/τ s in the rate equation [1] is changed to N γ e (N ), because γ e = 1/τ s , where γ e (N ) is the rate of electron recombination [2] :
where the first term A of equation describes nonradiative recombination, B is the coefficient of radiant interband recombination, and C is the coefficient of Auger recombination. The carrier lifetime τ s can be described by these parameters in such a way:
and can be used in the rate equations (4) . In the fourth model, we used such rate equation for electron density [2] :
where J is the density of injection current, e is the electron charge, d is the width of semiconductor laser active region, t is the time. The first term of the rate equation (4) describes the number of injected carriers that pass the unit volume per unit time interval, the second one describes the spontaneous emission, and the third term defines the number of photons generated by stimulated emission per unit time interval. An analogous equation was used for photon density:
where τ p is the lifetime of photons, β is the spontaneous emission factor, Γ is the optical confinement factor. The first term of the rate equation (5) is the number of photons generated by stimulated emission per unit time interval, the second term is the number of photons emitted from resonator (output of the laser). The third term of Eq. (5) shows the spontaneous emission contribution to generated mode.
Used experimental results
Experimental results of DFB semiconductor lasers were used for computer simulation. Not all laser parameters needed for simulation were known and some parameters were estimated from experimental results. Product of photon and electron lifetimes, threshold current, and current at the 5 mW average optical power were known. Extinction ratio (ratio of the of optical power level "1" to the level "0") was equal to 8.5 dB:
Injection current values at levels "0" and "1" were found from optical power dependence on injected current by using condition (6) for optical power 5 mW. The active region width was estimated from the TEM image. We also had a possibility to calculate the injection current density from current measurements.
Experimentally obtained parameters of semiconductor DFB laser and those used for calculations were:
• product of lifetimes, τ s τ p (different for each laser, see Table 1 );
• threshold current, I th (different for each laser, see Table 1 );
• mean current (current when average optical power is equal to 5 mW), I op (different for each laser, see Table 1 );
• optical powers P 1 = 8.59 mW, P 0 = 1.41 mW (the same for all lasers);
• injection currents I 1 (level "1") and I 0 (level "0") found from optical power dependence on injected current (see Fig. 1 );
• dimensions of the active region of the DFB laser, L = 300 µm (channel length), w = 1.5 µm (width),
area) (the same for all lasers);
• injection current density (calculated by using active region dimensions, see Table 1 );
• experimental pulse characteristics: optical power and chirp (different for each laser).
Simulation results
Computer simulation was based on fourth-order Runge-Kutta method for the system of differential equations. The values of photon and electron densities for different time moments were found from initial values of densities, by setting other parameters and choosing time step and number of calculations loops. In the computer simulation the following unknown parameters were selected: the optical confinement factor Γ, the reflection coefficients from mirrors at the ends, R 1 and R 2 [3] , the lifetime of photons τ p , the coefficient of optical amplification α, the spontaneous emission factor β, the density of electrons needed for reaching Fermi quasi-level N 0 , the nonlinear amplification factor ε, and the coefficients of recombination A, B, and C.
The investigation of laser parameters interplay was done. On the grounds of obtained simulation results, the following technique for estimation of semiconductor laser parameters was suggested:
• the frequency of relaxation oscillation is defined by changing the coefficient of optical amplification α;
• the calculated optical power values are made close to experimental ones by changing optical confinement factor Γ;
• by changing the nonlinear amplification factor ε and spontaneous emission factor β, the relaxation oscillation amplitudes can be corrected; additionally, the shape of oscillations also can be corrected by changing the injection current front duration;
• the recombination coefficient A and the density of electrons needed for reaching Fermi quasi-level N 0 is changed to optimize the static characteristics of semiconductor laser;
• the recombination coefficients B and C are chosen at last. These coefficients have insignificant influence on laser dynamics, they only change a little the shape of oscillations.
Calculations for model verification were done, investigation of watt-ampere characteristic being one of them (see Fig. 2 ). The threshold current was found as well. Obtained results were also compared to those of other authors [4] .
The output optical power of semiconductor laser was calculated by using such equations [4] : Fig. 2 . Watt-ampere characteristics of 1.3 µm laser diode near the threshold of injection current for different spontaneous emission factors β.
where R 1 and R 2 are the reflection coefficients of end mirrors, h is the Planck's constant, c is speed of light, λ is wavelength of radiated light, µ g is group refraction index, L is length of laser active region, d is thickness of active region, w is the active region width, and n ph is density of photons.
The best results were obtained based on the fourth physical model, Eqs. (4) and (5) . The best match of experiment and simulation results for all investigated lasers with different characteristics was obtained. The mismatch of analysed laser parameters does not exceed the limit of 10%.
The most precise match of laser characteristics was obtained for the laser O6j5 with chirp and density of electrons shown in Fig. 3 (the chirp is proportional to the carrier density [5] ) and optical power pulse characteristic shown in Fig. 4 .
Selected values for matching of unknown parameters were: Γ = 0.55, R 1 = 0.04, R 2 = 0.664, τ p = 1.5·10 −12 s, α = 16.8·10 −7 cm 3 /s, β = 1·10 −4 , N ot = 24.3·10 17 cm −3 , ε = 9.5·10 −18 , τ j1 = 54·10 −12 s, τ j2 = 50·10 −12 s, A = 2.5·10 8 cm/s, B = 9.1·10 −12 cm 3 /s, C = 3.80·10 −29 cm 6 /s.
The values of parameters for other lasers and comparison of simulation and experiment results are presented in Tables 1 and 2 . In order to evaluate the accuracy of simulation results, the parameters like frequency (ν) of relaxation oscillations, time of oscilla- tion decrement (T ), "1" and "2" levels proportion (l), and the proportion of amplitude of first peak and level "1" (a) were compared (see Table 3 ). The averaged value of mismatch (M ) between the simulation and experimental results for these parameters was calculated (see Fig. 5 ).
Conclusions
In this work the transient characteristics of semiconductor lasers were investigated; by using computer simulation, the unknown laser parameters that were not measured in experiment were obtained. On the grounds of these simulation results the parameter estimation technique was suggested. The rate equations used for computer simulation were improved (comparing with earlier simulation [1] ) by including the nonlinear amplification factor ε, the optical confinement factor Γ, and changing the carrier lifetime τ s by the way of (3), which describes nonradiative recombination, radiative interband recombination, and Auger recombination. Transient processes were simulated for large number of similar DFB lasers. The best results were obtained by using the fourth physical model. The mismatch between the simulation and experimental results for all analysed laser parameters in this case did not exceed the limit of 10%.
